To study the risk predictors of intracranial asymptomatic small aneurysm rupture by electrocardiographic (ECG)gated 4D-CT angiography (4D-CTA).
Background
Aneurysms with a diameter of less than 7 mm usually cause no symptoms and are most often diagnosed as asymptomatic aneurysms [1] . In a large-scale study of the natural history of aneurysms, ISUIA used 7 mm as a new cut-off value and defined an aneurysm with a diameter <7 mm as a small aneurysm in an attempt to classify small aneurysms with low rupture risks [2] . A prospective study following patients with aneurysms <7 mm but without SAH history found that no aneurysm ruptures occurred within 2.4 years [3] . A study in Finland suggested that the high-risk factors for aneurysm rupture are diameters >7 mm, female sex, and smoking, and the rupture risk of small aneurysms <7 mm was extremely low [4] . Most researchers believe that the larger the aneurysm, the greater the risk of rupture [5] . However, some studies have shown that small aneurysms also have a high possibility of rupture [6] . In a 1.5-year follow-up of patients with small aneurysms <7 mm [7] , FIA discovered that the aneurysm rupture rate was 1.2% per year, which was 17 times higher than that of aneurysms with similar sizes and locations in the ISUIA study. In a study conducted in Japan that included 529 aneurysm cases, rupture was found in 19 cases within 2.5 years, and 5 of the 19 had diameters <7 mm. These results indicate that among all ruptured aneurysm cases followed, patients with aneurysms <7 mm accounted for 26% of the ruptures. Due to the controversy about the rupture risk of aneurysms with diameters <7 mm, it is necessary to identify factors that predict the rupture risks of asymptomatic small aneurysms.
In the past, many studies have been conducted on the rupture risks of intracranial aneurysms [9] [10] [11] [12] [13] , which included the hemodynamic and clinical features of aneurysms. Because an aneurysm is a morphologically-related disease and the blood in the aneurysm is the same as the blood in the parent artery, which flows with the pulsation of the artery, the morphology of an aneurysm is not fixed. Most of the previous morphological studies on aneurysms analyzed static data based on threedimensional computed tomographic angiography (3D-CTA) and lacked dynamic data. Therefore, using dynamic four-dimensional computed tomographic angiography (4D-CTA) to study the morphology of aneurysms may be more meaningful for investigations of the risk of aneurysm rupture. We used 4D-CTA to analyze the risk factors for asymptomatic small aneurysm rupture from the perspective of dynamic changes in intracranial aneurysms, aiming to assist clinical neurosurgeons to design the most appropriate personalized treatment plans for patients with unruptured intracranial asymptomatic small aneurysms.
Material and Methods

Subjects
This study retrospectively analyzed patients with intracranial aneurysms who underwent 4D-CTA examinations in our hospital from June 2014 to June 2018.
The inclusion criteria were: (1) intracranial saccular aneurysms with a large diameter <7 mm; (2) aneurysms, including ruptured and unruptured single aneurysms and unruptured multiple aneurysms; and (3) all 4D-CTA images that showed a clear edge of the aneurysm, in agreement with the diagnostic criteria.
The exclusion criteria were: (1) secondary intracranial aneurysms, such as traumatic aneurysms and infectious aneurysms; (2) intracranial aneurysms combined with other cerebrovascular malformations; (3) poor aneurysm images, which made accurate measurement difficult (including vasospasm); (4) atypical aneurysms with hard-to-measure shapes; and (5) dissecting aneurysms.
Finally, 168 aneurysms from 168 patients were included in the study. There were 65 males aged 11 to 78 years old with an average age of 57±11 years and 103 females aged from 18 to 82 years with an average age of 54±13 years.
According to whether the aneurysm was ruptured or not, all cases were divided into 2 groups -ruptured and unruptured.
There were 102 cases in the ruptured group, including 16 internal carotid aneurysms, 22 middle cerebral aneurysms, 27 anterior communicating aneurysms, 25 posterior communicating aneurysms, and 12 basal aneurysms.
Sixty-six cases were assigned to the unruptured group, including 12 internal carotid aneurysms, 15 middle cerebral aneurysms, 19 anterior communicating aneurysms, 14 posterior communicating aneurysms, and 6 basal aneurysms.
There were 14 multiple aneurysms, including 1 ruptured multiple aneurysm and 13 unruptured multiple aneurysm.
In the ruptured group, 12 basal aneurysms out of 102 aneurysms were treated with interventional embolization, and the other anterior circulation aneurysms were treated with clamping by lateral orbital approach. If the aneurysm is found to be difficult to clamp during the operation, the parent artery can be temporarily blocked for less than 10 min.
Among 66 unruptured aneurysms, 23 aneurysms with pulsation points were found for the first time in 4D-CTA; 7 of these 23 aneurysms were treated at the request of patients within e921835-2 1 week after examination, 5 aneurysms underwent clamping, and 2 patients underwent interventional embolization.
The follow-up time was half a year after the first discovery, if there is no change of volume, and next follow-up time can be once a year. If an aneurysm is found to increase in size during follow-up, clamping or interventional embolization is recommended. Of the 16 aneurysms with pulsation points, 5 aneurysms were enlarged during follow-up. Among 43 aneurysms with no pulsation points, only 1 aneurysm showed an increase during follow-up.
Scanning method
A German Siemens Somatom Definition Flash Function CT scanner with 120 kV tube voltage and 110 mA tube current was employed in this study. The scan mode used was a simulated coronary CTA scan and the scanner was connected to an ECG monitor. A double-tube syringe was used to inject 40 ml iohexol non-ionic contrast agent (organic iodine, 370 g/L, Hengrui Pharmaceutical Co., Jiangsu) and 20 ml saline through the elbow vein, at an injection rate of 4.5 mL/s. As soon as the intracranial artery image was observed, continuous volume scanning was manually triggered to scan the RR interval. When the scanning was complete, the raw data were reconstructed to obtain 20 sets of data at 5% time intervals in the cardiac cycle. The data were input into the 3D processing software of the German Flash DSCT image post-processing workstation to generate 20 static and dynamic images of the intracranial arterial cycle [14] . The diameters of the aneurysms were recorded as the average measurements from 20 images.
The scan dose was expressed by the effective dose (ED), the volume CT dose index (CTDIvol), and the dose-length product (DLP). The ED value was calculated by multiplying the DLP and the head CT conversion index 0.021 [15] .
Definition aneurysm indicators
The aneurysm neck referred to the line connecting the aneurysm with the parent artery. The aneurysm height referred to the line connecting the highest point of the bottom of the aneurysm to the midpoint of the aneurysm neck ( Figure 1 ). The aspect ratio (AR) was defined as aneurysm height/aneurysm neck.
The aneurysm size referred to the largest value among the maximum width of the aneurysm and the aneurysm height. The maximum width of an aneurysm was defined as the length of the lines perpendicular to the aneurysm height connecting the 2 sidewalls of the aneurysm.
The size ratio (SR) was defined as the aneurysm height/diameter of the parent artery. The diameter of the parent artery was the average diameter of all vessels connected to the aneurysm, i.e., (c1+c2+c3…cn)/n [16] (Figure 1 ). The diameter of the parent aneurysm was the largest diameter of the parent artery near the aneurysm neck within 5 mm.
The pulsation point of the aneurysm was the small vesicle-like or pointed protrusions located at the same place in the aneurysm, observed in 3 or more consecutive images among the 20 dynamic images of a cardiac cycle ( Figure 2 ).
Each aneurysm image was observed and measured by 2 neuroimaging physicians with 13 years and 25 years of working experience, respectively. The average of the 2 measurements was used for the analyses.
Statistical analyses
Statistical analyses were performed by SPSS 16.0 software. The measurements with normal distribution are shown as means±SD. The independent-sample t test was used to compare the 2 groups of aneurysms. The chi-squared test was used to analyze the frequency data between the 2 groups. Based on the results of univariate analysis, the statistically significant variables between the 2 groups were screened and further 
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analyzed via multivariate logistic regression. Multivariate logistic regression with the forward mode, using a=0.05 as the test level, was utilized to calculate the odds ratio (OR) and its 95% confidence interval (CI). P<0.05 indicated statistically significant differences.
Results
Image and dose of radioactive reagent
The CT dose (CTDl vol) was 11.8±2.0 mGy and the DLP was 122±19 mGy×cm. The ED used was 0.3±0.1 mSv.
Characteristics of small aneurysms in the ruptured group and unruptured group
Univariate analysis showed that female sex, smoking history, growth at the bifurcation point, pulsation point, AR, and SR presented statistically significant differences between the 2 groups (P<0.05), while age, height, blood pressure, type 2 diabetes, family history, multiple aneurysm history, drinking history, location, size, aneurysm neck, and aneurysm height were not significantly different between the 2 groups (P>0.05) ( Table 1) .
Multivariate regression analysis of significantly different variables revealed that the existence of a pulsation point (OR=8.188, 95% CI: 3.984-17.198) and a larger SR value (OR=5.325, 95% CI: 1.503-18.867) were 2 independent predictive values (Figures 2, 3) for the rupture of aneurysms ( Table 2 ).
Figure 2.
A 48-year-old female in the ruptured group with an anterior communicating aneurysm. 0% to 95% represents 20 phases in the 4D-CTA. In these 20 dynamic images, the pulsation point at the bottom of the aneurysm was observed in 3 consecutive images at 55%, 60%, and 65% (black arrow). The ratio of the aneurysm height to the diameter of the parent artery was 2.6.
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Further analysis of the SR value based on the ROC curve revealed that the area under the curve was 0.723. When the SR value was >1.65, the sensitivity for diagnosing the risk of small aneurysm rupture was 75%, with a diagnostic specificity of 80%.
Discussion
Currently, no economically and clinically effective method has been identified to predict the risk of an intracranial aneurysm rupture, especially for small aneurysms with diameters <7 mm, which are often diagnosed incidentally, without symptoms. A study in a Japanese population showed that small aneurysms accounted for 30% of all ruptured aneurysms [17] .
Morphology has provided an important basis on which to study the risk of aneurysm rupture, but most CTA studies of aneurysm morphology have been based on static data generated by 3D-CTA. Because the blood in the aneurysm moves and changes along with the systolic and diastolic heartbeats, it may be more useful to dynamically investigate the morphological changes of intracranial aneurysms. Unlike 3D-CTA, ECGgated 4D-CTA can observe morphological changes in aneurysms within a cardiac cycle. However, few studies have used 4D-CTA to monitor intracranial aneurysms [18] [19] [20] [21] , and no research has been conducted on the risk of intracranial asymptomatic small aneurysm rupture.
Through the ECG-gated 4D-CTA scans of intracranial asymptomatic unruptured small aneurysms, the present study found that the existence of aneurysm pulsation points and an SR Smoking history refers to smoking ³1 per day, and continuous smoking ³half a year. Drinking history refers to the average weekly drinking of liquor ³150 g or beer ³1 500 g I the last 3 years. AR -aspect ratio; SR -size ratio.
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value >1.65 were independent predictive factors for the rupture risk of asymptomatic small aneurysms with diameters <7 mm.
The pulsation point in a cardiac cycle is a morphological indicator that reflects the dynamic change of an aneurysm at a weak point in the aneurysm wall. Degenerative wall remodeling and inflammatory and non-physiological hemodynamics of the aneurysm wall have been shown to be associated with ruptured intracranial aneurysms [22, 23] . The blood flow pattern within the aneurysm is varied and complex and generates different shear forces and pressures on the aneurysm wall. These unbalanced and persistent hemodynamic abnormalities lead to a variety of vascular remodeling forms, such as endothelial cell damage, smooth muscle cell migration and disorder, and 
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inflammatory cell infiltration, resulting in weak areas in the wall of aneurysms, which will appear in the diastolic cardiac phase as bulging in the aneurysm, called the pulsation point. The long-term effects of the combined forces eventually lead to rupture of the wall at the pulsation point. In this study, there were significantly more pulsation points in the ruptured group than in the unruptured group, and there was an independent predictive value for the risk of aneurysm rupture in multivariate analysis. In our opinion, in the ruptured group, the rupture locations of the aneurysms were at the weakest parts of the aneurysm walls. After an aneurysm ruptures, a small blood clot can adhere to the rupture spot. Although the blood clot could temporarily protect the ruptured spot, it is weaker than the other parts of the wall. As blood moves through the aneurysm, a pulsation point forms at the blood clot. A ruptured aneurysm without a pulsation point might be caused by the formation of a large blood clot or a thrombus in the rupture. When the pressure induced by the large blood clot on the wall of an aneurysm is equal to the combined shear force and pressure induced by blood flow, no pulsation point is formed. We attributed small unruptured aneurysms to those whose walls that had not been weakened by the combined force of blood flow; therefore, no pulsation point was formed. Conversely, small unruptured aneurysms with pulsation points might identify small aneurysms at a risk for rupture. We concluded from an earlier follow-up study on the rupture risk of aneurysms that unruptured aneurysms with pulsation points represented high risks of rupture. For these types of aneurysms, early risk warning could facilitate critically-needed early treatment [14] .
The SR value is an indicator of the relationship between the size of an intracranial aneurysm and the peripheral blood vessels. This study found that SR was an independent predictive factor for the rupture risk of small aneurysms. The greater the SR value, the greater the risk of rupture. The reason may be that under the same intravascular pressure, the wall pressure of smaller blood vessels is higher and an increase in wall pressure may lead to the formation of an aneurysm or even rupture. Some studies found that aneurysms with similar sizes but smaller parent vessels were more likely to rupture [24] [25] [26] . A prospective study from Japan [27] discovered that the rupture risk of small aneurysms was not significantly correlated with its size and location, but was closely related to the SR value. The greater the SR value, the higher the rupture risk, which was consistent with our results. Due to the different inclusion criteria used by Chinese and international studies, there is no uniform standard for the diagnostic threshold of SR. In this study, the diagnostic threshold of SR was 1.65.
In addition, univariate analysis of AR, female sex, smoking, and growth at the bifurcation showed a correlation with the rupture of intracranial asymptomatic small aneurysms, whereas multivariate analysis showed that these factors were not independent predictive factors. These results indicated that factors such as age, sex, and AR value were not good predictive factors for the rupture risk of intracranial asymptomatic small aneurysms or that the correlation between them was not strong. Specifically, in comparison with predictive values of pulsation point and SR, these values were clearly weaker.
There are limitations to this study. First, the inclusion criteria for aneurysms excluded vasospasm, since it is too difficult to evaluate with the naked eye. This may have added some errors into the study. Second, this study did not include a comparison of hemodynamics. Third, this study was based on the data collected in a single medical center and only ruptured and unruptured aneurysms were compared. Since the morphology of an aneurysm can change after rupture, our results could be biased. In addition, our sample size was small. In the future, we may conduct additional studies with expanded sample sizes.
Conclusions
In summary, the existence of pulsation points and SR value >1.65 were identified as independent predictive factors for the rupture risk of intracranial asymptomatic small aneurysms with diameters <7 mm. Furthermore, the results highlighted the importance of evaluating the rupture risk of aneurysms. Studies with large sample sizes and multiple centers are needed for further joint research on dynamic CTA images, hemodynamics, and histopathology.
